Generation of twin defects during the growth of semiconductor nanowires is a major concern, but their effects on electronic properties are not well understood. Here, combined quantum-mechanical and molecular-dynamics simulations reveal that the radiative decay time of an exciton increases due to twin. Furthermore, the twin-scattering contribution to electron mobility is found to be significant, in conformity with photoconductivity measurements. In addition to acting as a carrierscattering source, twins in nanowires are found to modify the mobility by changing strain and thereby the effective mass. These effects should have profound impacts on the efficiency of nanowire-based devices. Previous theoretical studies have identified corners and edges on the NW top surface as nucleation sites of stacking defects. 5, 6 These defects are thus inherent in NWs. Among various types of stacking defects (e.g., twins and intrinsic/extrinsic stacking faults) 7 are mixed zinc blende (ZB) and wurtzite (WZ) phases for the case of GaAs.
1
including solar cells 2 and vertical transistors. 3 A major problem here is a large number of stacking defects, which may alter electronic properties and degrade device performance. 4 Previous theoretical studies have identified corners and edges on the NW top surface as nucleation sites of stacking defects. 5, 6 These defects are thus inherent in NWs. Among various types of stacking defects (e.g., twins and intrinsic/extrinsic stacking faults) 7 are mixed zinc blende (ZB) and wurtzite (WZ) phases for the case of GaAs. 8 Experimental and theoretical studies found profound effects of mixed ZB/WZ phases on the electronic band gap and optical properties. 8 Furthermore, InAs NWs with mixed ZB/WZ phases were found to exhibit 3 times smaller field-effect mobility. 9 However, dominant stacking defects found in III-V NWs are twins, 3, 10, 11 and how they affect electronic properties are not well understood. Recent advancements in hard X-ray angleresolved photoemission technology has enabled accurate measurements of electronic band structures in GaAs. 12 With the availability of these new experimental capabilities, it is now timely to assess the effects of twins on electronic properties in GaAs, so as to guide future experiments on this fundamental issue.
Here, combined quantum-mechanical (QM) and molecular-dynamics (MD) simulations are performed to determine the effects of twins on the exciton lifetime and carrier mobility in GaAs. In our QM calculations based on the density functional theory, 13 electronic states are calculated using the projector-augmented-wave method, 14, 15 which is an all-electron electronic-structure-calculation method within the frozen-core approximation. The generalized gradient approximation 16 is used for the exchange-correlation energy with non-linear core corrections. 17 The momentum-space formalism is utilized, 18 where the plane-wave cutoff energies are 30 and 250 Ry for the electronic pseudo-wave functions and the pseudo-charge density, respectively. The energy functional is minimized with respect to electronic wave functions iteratively using a preconditioned conjugate-gradient method. 19, 20 Projector functions are generated for the 4s, 4p, and 4d states of Ga and As.
We perform QM calculations of GaAs ZB crystal of size 13.85 Â 12.00 Â 78.33 Å in the x, y, and z directions (which are aligned with the [1 10], [11 2] , and [111] crystallographic orientations, respectively). The simulated system contains 288 atoms, and periodic boundary conditions are applied to all Cartesian directions. The C point is used for Brillouin zone sampling. We perform two sets of calculations, i.e., with and without twin boundaries; see Fig. 1(a) . The [111]-oriented ZB crystalline GaAs is a stack of alternating Ga and As monolayers (MLs), where each ML is a two-dimensional triangular lattice of either Ga or As atoms. According to the lateral positions occupied by the atoms, the triangular lattices are classified into three types: "A," "B," and "C." Let the stacking sequence of the top three As MLs below a (111) plane be ABC, where C is the topmost ML. Then, the next bilayer above the (111) plane consists of a Ga ML in the C triangular lattice followed by an As ML in two possible triangular lattices. Namely, As adatoms without twin defect occupy the A triangular lattice and continue ZB stackings, i.e., Á Á ÁABC|ABCÁ Á Á. On the other hand, As atoms with a twin-boundary plane occupy the B triangular lattice and continue to grow as Á Á ÁABC|BACÁ Á Á. In GaAs, radiative bandto-band transitions are dipole allowed, since its conduction and valence bands are s-and p-type, respectively. Thus twin defects could have a major effect on the radiative decay time of an exciton. To estimate the radiative decay time of a bound exciton, we first calculate the oscillator strength 
where h is Planck's constant, m is the electron mass, E exc is the optical excitation energy, e is the unit vector parallel to the polarization of incident light, w e ðrÞ is the electronic wave function at the conduction-band edge, and w h;a ðrÞ are the wave functions for the three hole bands (a ¼ heavy, light, and splitoff) at the valence-band edge. From the oscillator strength, the radiative decay time for an exciton is calculated as
where e 0 is the vacuum permittivity, c is the speed of light, e is the elementary charge, and n is the refractive index. (1), we project w e ðrÞ and w h;a ðrÞ onto the wave functions of the pseudoatomic orbitals centered at Ga and As atoms. 22 For the conduction-band edge wave function, w e ðrÞ, 67.6% and 32.4% of the total population come from Ga 4s and As 4s states, respectively. The partial populations of the three valence-band edge wave functions, w h;a ðrÞ, are nearly identical: 80.3% and 11.6%, respectively, from As 4p and Ga 4p states. Namely, the conduction-band wave function is s-like and is centered at Ga atoms, whereas the valence-band wave functions are p-like around As atoms. The transition dipoles thus exist between Ga and As atoms. It should be noted that the calculated radiative decay times here are for bound excitons. For free carriers, in contrary, the radiative lifetime depends on the carrier concentration and is above 1 ns for carrier concentration below 10 18 cm
À3
. 23 The excitonic Bohr radius in GaAs is 115 Å (its binding energy is 4.7 meV), which is larger than the twin-twin distance of 39.165 Å used in the above calculation. The increased lifetime by 6% due to twin in Fig. 1(b) thus corresponds to the case where about 6 twin planes exist within the spread of the excitonic wave function. This is a rather counter-intuitive result, where defects increase the exciton lifetime. It is conceivable that the enhanced chargerecombination lifetime is due to the spatial separation of electron and hole wave functions because of the twinboundary potential. A similar electron-hole separation has been predicted theoretically for tapered silicon NWs. 24 Experimentally, similar reduction of the oscillator strength was observed in GaN/Al x Ga 1Àx N quantum wells, where the separation of electron and hole wave functions is caused by the piezoelectric field. 25 Next, we study the effects of twins on carrier mobility. To do so, we first estimate the electronic scattering potential by a twin boundary by subtracting the local Kohn-Sham (KS) potential 26 v KS (r) without twin boundary from that with a twin boundary. Since a twin defect introduces misalignment of atomic positions either above or below the twin-boundary plane, special care must be taken for the subtraction. In our subtraction method, we first sum KS potentials, v (Fig. 2) . Similarly, the KS potential without twin is a sum of those in two systems rotated by 180 , v ZB;0 KS ðrÞ and v ZB;180 KS ðrÞ (Fig. 2) . These two summed potentials probe KS potentials arising from atoms in exactly the same positions. We can thus subtract the summed KS potential without twin from that with a twin. The resulting electron scattering potential is Figure 3(a) shows the calculated electron scattering potential. The scattering potential is a superposition of atomcentered potentials. The side view in Fig. 3(b) superimposed with atomic positions shows that the scattering centers are located on a (111) plane in the middle of Ga (blue) and As (red) monolayers.
We estimate the electron mobility using the electron scattering potential in Fig. 3 . In the narrow-wire limit, this can be formulated as a one-dimensional scattering problem. 27 We approximate the scattering potential with height v 0 and range d through spatial averaging of the potential in Fig. 3 over the x and y directions. We then compute the transmission coefficient as a function of the electron momentum. The electron mean-free path and scattering time are then derived from the transmission coefficient. 27 After thermal average, the final formula for the electron mobility reads
where k B is the Boltzmann constant, T is the temperature, m * is the electronic effective mass, and l twin is the mean twinboundary distance. In Eq. (4), x is a dimensionless variable proportional to the electron momentum. Figure 4 shows the calculated twin-scattering contribution to the electron mobility as a function of the temperature for l twin ¼ 1, 5, and 25 nm. Experimentally, densely populated twin boundaries with a mean distance of a few nm have been observed in GaAs NWs. 3, 10 The calculated twin contribution is as low as 10 3 cm 2 /(V s) in such a case. This is consistent with recent terahertz photoconductivity measurements by Parkinson et al. 4 By eliminating twin defects, they observed the enhancement of the intrinsic carrier mobility from 1200 to 2250 cm 2 /(V s) for GaAs NWs of diameter 40-60 nm. 4 This implies the twin scattering contribution on the order of $2 Â 10 3 cm 2 /(V s). Here, we should note that the elimination of twin defects in the experiment was achieved by changing growth conditions. According to Parkinson et al., this change in the growth condition may have been accompanied by the reduction of other (e.g., point) defects, and thus the observed mobility change may not reflect solely the twinscattering contribution. 4 Nevertheless, the present calculation quantitatively supports the interpretation of the mobility enhancement due to twin elimination. Room temperature electron mobilities in high-quality GaAs samples are $10 4 cm 2 /(V s) (with the corresponding mean free path of $10 2 nm), for which the dominant contribution is the scattering by optical phonons. 28 The twin-scattering contribution estimated by the present calculation is more significant for l twin < 5 nm.
In addition to acting as a scattering source for charge carriers, twins affect the electronic property through its effects on strain. This modifies the carrier effective mass, which in turn affects the carrier mobility. To estimate the strain effect, we perform MD simulation of a GaAs NW. The interatomic potential for GaAs 29, 30 consists of two-and three-body terms, where the two-body term accounts for steric repulsion as well as Coulombic, charge-dipole, and dipole-dipole interactions, and the three-body term describes bond stretching and bond bending. 31 The interatomic potential has been validated against various experimental and QM calculation results for the lattice constants and cohesive energies of various crystalline phases, elastic constants, surface energies, vibrational density of states, thermal expansion coefficient, specific heat, and melting temperature. 29, 30 In particular, the interatomic potential reproduces the contraction of Ga-As bonds near the (110) surface of the ZB crystal, in good agreement with QM results. 6 Such surface relaxation has been shown to be essential for unique thermomechanical properties of NWs. 6, 32 The simulated GaAs NW has a diameter of 100 Å and height of 500 Å . The wire axis is the [111] orientation of the ZB crystal, and the hexagonal NW has six f1 10g sidewalls. Periodic boundary condition is . The calculated strain distribution reflects the intrinsic core-shell structure previously found in various semiconductor NWs. 6, 32 In the shell on the twin-boundary plane, the strain reaches as high as 7%, while in the core region, the strain is 1%-3%.
We estimate the effect of strain tensor e $ introduced by twin on the electron effective mass m * using an 8-band kÁp model. 33 This model incorporates the dependence of the electronic energy-band structure on strain, polarization, etc. To illustrate the potentially strong dependence of the electron mobility on the strain-dependent effective mass m Ã ðe $ Þ, we consider a thick-wire limit, where the scattering from different atomic centers at twin boundaries is treated additively. Here, each scattering center is approximated as a spherical impurity potential of height v 0 and radius d,
where a is the crystalline lattice constant. Figure 5 shows the calculated electron mobility as a function of the temperature for a hydrostatic strain of À3%, 0%, and 3%. The mean twin distance is taken to be 1 nm. The electron mobility increases by 77% due to 3% (i.e., tensile) strain. On the other hand, it decreases by 42% due to À3% (i.e., compressive) strain. Thus, a few percent of strain modification due to twin results in up to 80% of the mobility change.
In summary, combined QM and MD simulations on GaAs revealed a surprising effect of twin defect, i.e., the radiative decay time of an exciton increases due to twin. Furthermore, the twin-scattering contribution to the electron mobility was estimated as a function of the temperature and twin density. The calculated value is consistent with available photoconductivity measurements. In addition to acting as a carrier-scattering source, twins were found to modify the mobility by changing strain and thereby the effective mass. These effects should be taken into account when discussing the efficiency of NW-based devices. 5 . Twin-scattering contribution to the electron mobility as a function of the temperature for a strain of À3%, 0%, and 3%. The mean twin distance is taken to be 1 nm.
